A growing number of CRISPR-Cas9 associated applications require co-expression of two distinct 11 gRNAs. However, coexpressing paired gRNAs under the driving of independent but identical 12 promoters in the same direction triggers plasmid instability, due to the presence of direct repeats 13 (DRs). In this study, deletion between DRs occurred with high frequencies during plasmid 14 construction and duplication processes, when three DRs-involved paired-gRNA plasmids cloning 15 strategies were tested. This recombination phenomenon was RecA-independent, in agreement with 16 the replication slippage model. To completely eliminate the DRs-induced plasmid instability, a 17 reversed paired-gRNA plasmids (RPGPs) cloning strategy was developed by converting DRs to the 18 more stable invert repeats (IRs). Using RPGPs, we achieved a rapid deletion of chromosome 19 fragments up to 100 kb with high efficiency of 83.33% in Escherichia coli. This study provides 20 general solutions to construct stable plasmids containing short DRs, which can improve the 21 performances of CRISPR systems that relied on paired gRNAs, and also facilitate other applications 22 involving repeated genetic parts. 23 24 Keywords 25 paired gRNAs; plasmid stability; direct repeats; inverted repeats; large genomic deletion 26 27 28 3 / 20
Introduction 29
CRISPR-based systems are powerful tools for genetic manipulations in both eukaryotic and 30 prokaryotic organisms, which solely relies on single guide RNA molecule (gRNA) for targeting 31 (Jinek et al., 2012; Jiang et al., 2013) . CRISPR applications have been usefully extended when two 32 distinct genomic locations targeted simultaneously. For example, paired gRNAs are required to 33 dramatically reduce off-target mutations (Ran et al., 2013) , to achieve combinatorial genome 34 modifications (Li et al., 2015) and to facilitate large genomic deletion (Su et al., 2016; Zheng et al., 35 2017) . The stable co-expression of paired gRNA determines the precision, the reliability, and the 36 efficiency of CRISPR applications. 37
Although various cloning strategies have been established for the expression of paired or 38 multiple gRNAs, the instability of gRNA plasmids is still an urgent problem to be solved. In general, 39 multiple targeting spacers can be expressed by the CRISPR array or gRNA cassettes. However, 40 plasmids with direct repeats (DRs) are difficult to assemble in vitro and lead to genetic instability 41 in vivo. When using CRISPR array, recombination between DRs of the array causes the targeting 42 spacer sequence eliminated and then genomic modification failed (Jiang et al., 2013; Su et al., 2016) . 43
Similarly, coexpressing multiple gRNAs in one plasmid results in self-homologous recombination 44 if gRNA cassettes are transcribed by independent but identical promoters in the same direction 45 (Aparicioprat et al., 2015; Jiang et al., 2015; Vidigal and Ventura, 2015) . To eliminate recombination, 46 the building of promoter library and functional gRNA scaffold library (Reis et al., 2019) can be further explored, but it may be limited by optional constructive promoters and complex machine 48 learning technology. Thus, we attempt to investigate the recombination mechanism of DRs-involved 49 paired-gRNA plasmids and develop simple but universal cloning strategies to prevent DRs-50
Normally, the rearrangement of DRs are induced by recombinational or replicational 52 mechanism in E. coli (Lovett et al., 1993) . The former is mediated by recombinase A (RecA) which 53 promotes the pairing and the strand exchange between homologous sequences to form heteroduplex 54 DNA (Cox and Lehman, 1987; Radding, 1989; Kowalczykowski, 1991 DRs, three mechanisms of RecA-independent rearrangements were presented: slipped misalignment, 60 sister-chromosome slipped misalignment, and single-strand annealing (Bzymek and Lovett, 2001) . 61 Thus, the recombination mechanism of DRs-involved paired-gRNA plasmids can be predicted if 62 tested in organisms with different recA genotype. 63
In this study, we investigated the deletion rates and deletion types of three DRs-involved paired-64 gRNA plasmids cloning strategies and showed a replication mechanism for gRNA deletion. All of 65 these plasmids could not thoroughly eliminate recombination during assembly and re-66 transformation processes, as long as DRs existed. Thus, a simple reversed paired-gRNA plasmids 67 (RPGPs) cloning strategy was developed by placing paired gRNA cassettes in the opposite direction, 68 which converted DRs to invert repeats (IRs). RPGPs can thoroughly avoid DRs-mediated 69 recombination during DNA replication. Thus, they have a great potential to facilitate the 70 construction of large-scale gRNA libraries for CRISPR applications that require co-expression of 71 two gRNAs. Our strategy can also be applied for the construction of other plasmids containing 72
Results 74
The stability of DRs-involved paired-gRNA plasmids pDG-A-X series 75
To study the stability of DRs-involved paired-gRNA plasmids, pDG-A-X series for co-expression 76 of two gRNAs were employed. A functional gRNA contains a 20-bp sequence for targeting and a 77 82-bp scaffold that binds Cas9 protein (Li et al., 2015) . Each gRNA was transcribed by a 35 bp 78 constitutive promoters J23119 ( Figure 1A) . Plasmid rearrangement was detected by PCR primers 79 F1/R1 after plasmid construction and re-transformation processes. 80 pDG-A-100K for 100-kb genomic deletion was constructed by using E. coli DH10B strain as 81 host. However, the deletion rate of 73.33% was observed after pDG-A-100K plasmid construction 82 process. Similarly, the deletion rate was around 65% after re-transformation process of the correct 83 pDG-A-100K plasmid ( Figure 1B and 4B) . PCR results indicated that the deletion occurred 84 between the paired-gRNA regions of these mutant plasmids. DNA sequencing results demonstrated 85 one of two gRNAs with its promoter was eliminated. Furthermore, the double restriction enzyme 86 digestion analyses by using NdeI and CaiI showed the deletion only occurred between the paired-87 gRNA regions, rather than other parts of plasmids ( Figure 1C) . 88
To enhance the stability of pDG-A-100K, the effects of experimental conditions including DNA 89 transformation methods and culture mediums were then assessed during re-transformation process 90 in DH10B strain. Compared with transformation by heat shock, electrotransformation led to a 5.6-91 fold decrease in the deletion rate for cells cultured in LB medium and a 3.5-fold decrease for cells 92 cultured in TB medium ( Figure 1D) . The nutrient supplies for plasmid propagation also influenced 93 its stability. Replacing the LB medium with the nutrient-rich TB medium reduced the deletion rate rate was achieved when plasmids were transformed electrically ( Figure 1D ). Therefore, pDG-A-96 100K appeared to be more stable when introduced into cells by electroporation and propagated in 97 rich medium, but neither could eliminate the events of plasmid rearrangement. 98
The patterns of plasmid rearrangement 99
Various recombination derivations were discovered during DRs-mediated recombination events of 100 pDG-A-X series (Figure 2 ). Based on our observations, two main types of deletion were 101 summarized: the deletion of the first gRNA expression cassette along with its promoter (MUT-1), 102 and the deletion of the second gRNA expression cassette together with its promoter (MUT-2). In the plasmid recombination, the second gRNA region was deleted to form pDG-A-X-M2. 128
Effects of promoters and origins on pDG-A-X series stability 129
The effects of different plasmid architecture on plasmid stability were then evaluated. As shown in 130 re-transformation process once the correct plasmid was obtained firstly ( Figure 4B) . 140
Since the copy number may have an impact on plasmid stability, pDG-S-X series were 141 designed by replacing the ColE1 origin with pSC101 origin (Hasunuma and Sekiguchi, 1977) which 142 replicates at a relatively low copy number (<8 copies/cell) ( Figure 4A ). However, pDG-S-100K 143 still had a high deletion rate of 65% and 53.33% during plasmid construction and re-transformation 144 processes ( Figure 4B) . These results demonstrated that just changing the promoter or the origin of 145
DRs-involved paired-gRNA plasmids pDG-A-X series didn't eliminate the events of plasmid 146 rearrangement. 147
Design of reversed paired-gRNA plasmids (RPGPs) cloning strategy 148
In attempt to avoid DRs-induced plasmid rearrangement genetically, a reversed paired-gRNA 149 plasmids (RPGPs) cloning strategy was developed for pDG-R-X series ( Figure 5A ). Compared 150 with pDG-A-X, the plasmid architecture of pDG-R-X was versatilely modified through changing 151 the promoter of the second gRNA, the origin of replication, and the direction of gRNA cassettes. 152
Two gRNA cassettes were placed in opposite directions with one expressed by J23119 promoter and 153 another by PR promoter, thus turning the two 82-bp gRNA scaffolds into inverted repeats (IRs). 154
During plasmid construction process, the 20-bp sequences specific for two targeted loci and the 20-155 bp overlap sequences for assembly were embedded in primers as a part of insert. Since the overlap 156 sequences were repeated but reversed, the insert could be assembled in two directions, leading to 157 the formation of pDG-R1-X or pDG-R2-X ( Figure 5A ). As we expected, pDG-R-100K didn't 158 generate any plasmid rearrangement events during plasmid construction process, when verified by 9 / 20
To further examine PRGPs stability, the correct pDG-R1-100K plasmid was retransformed into 161 DH10B strain and verified by PCR reaction. All of 50 colonies produced a 449-bp and a 602-bp 162 band when amplified by primer pair F3/R3 and F4/R2, respectively. Representative colony PCR 163 results are shown in Figure 5B . Nine of corresponding plasmids were digested by Eco32I and PstI 164 and produced two bands with correct sizes of 3973 bp and 1592 bp (Figure 5C ). The following 165
DNA sequencing also confirmed that pDG-R1-100K maintained the intact paired gRNA expression 166 cassettes without any mutations. 167
Large genomic deletion mediated by RPGPs 168
To test the practicability of RPGPs, RPGPs-associated CRISPR/Cas9 system was used for large 169 genome editing in E. coli MG1655 strain. Since the double-strand breaks (DSBs) in E. coli can be 170 pDG-R1-100K plasmid was applied to coexpress two gRNAs for the deletion of a 100-kb 177 nonessential fragment from the E. coli chromosome (1,449,590-1,549,496) ( Figure 6B) . The 178 targeting sequences of 100-kb fragment were summarized in Table S2 , Supporting Information. 179
Three pairs of primer F5/R5, F6/R6, and F7/R7 were designed to check positive mutants among 180 forty randomly selected colonies, and representative PCR results are shown in Figure 6C . A 181 proximate 83.33% editing efficiency was achieved in this test, while negative colonies (16.67%) in 10 / 20 the experimental group were also obtained. Further investigation showed that these colonies were 183 not the wild type, but contained sequence deletion of stochastic length in the two target sites. The The disruption of promoter repeats could increase plasmid stability theoretically, but it was still 229 difficult to obtain the correct plasmid through Gibson Assembly method. Based on the assembly 230 mechanism, we make an assumption that one end of the backbone can be assembled normally to the 231 insert, but another end is mismatched to the repeated gRNA scaffold sequence of insert, due to the 232 help of 5' exonuclease. Thus, other assembly method in vitro or in vivo that involved with 233 exonuclease for terminal micro-homologous junction may face the same problem when used for the 234 construction of paired gRNA plasmids. Furthermore, even if the correct plasmid is obtained by 235 certain assembly method, the plasmid stability will be compromised by the two identical gRNA 236 scaffolds during DNA replication. We also found that lowering the copy number of plasmid didn't 237 increase the plasmid stability as long as DRs excited. In contrast, our RPGPs cloning strategy is 238 simple but useful to avoid DRs-mediated plasmid recombination genetically. Even if IRs-mediated 239 recombination, a very low-frequent recombination, can invert the intervening sequence under some 240 conditions (Bi and Liu, 1996b), it will not jeopardize the expressions of gRNAs in pDG-R-X series. 241
The genetic basis of the RecA-independent recombination is independent of RecBCD, RecET, 242
RecF, RecG, RuvAB and other known recombination mechanisms in E. coli, but its mechanism has 243 not been fully understood (Bzymek and Lovett, 2001 ; Azpiroz and Laviña, 2017). It seems to be 244 difficult to find a suitable host to eliminate RecA-independent recombination. Although specific 245 commercial strains (e.g. Stbl3 or NEB stable) with the recA13 or recA1 genotype may be able 246 to reduce the frequency of homologous recombination of long repeats, they cannot reduce the 247 occurrence of the RecA-independent recombination. Moreover, even if isolation of plasmid 248 containing repeat elements is facilitated by some strains, the plasmids will again suffer from the 13 / 20 high-frequent rearrangement once introduced into the targeted hosts for metabolic engineering. 250 Therefore, our RPGPs strategy which is not limited by host strains have a great potential to be 251 applied for CRISPR-Cas9 systems in various E. coli strain with different genotypes. 252
In summary, the deletion mechanism of DRs-involved paired-gRNA plasmids was investigated 253 and a simple RPGPs cloning strategy for coexpressing paired gRNAs was developed by converting 254
DRs to the more stable IRs. This strategy can completely eliminate DRs-mediated recombination 255 events, improve the performances of CRISPR systems that relied on paired gRNAs, and also 256 facilitate other applications involving repeated genetic parts. 257 258
Experimental procedures 259

Strains and Cultivation Conditions 260
All strains mentioned in this study were listed in Table S1 (LB) medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) was used for cell growth in all 267 cases unless otherwise noted. Terrific Broth (TB) medium (12 g/L tryptone, 24 g/L yeast extract, 4 268 mL/L glycerol, 17mM KH2PO4:72mM K2HPO4 buffer solution) was also used for cell growth under 269 some conditions. SOC medium (20 g/L tryptone, 5 g/L yeast extract, 0.5 g/L NaCl, 2.5 mM KCl, 10 270 mM MgCl2, 10 mM MgSO4, and 20 mM glucose) was used for cell recovery. Twenty g/L agar was 14 / 20 supplemented if needed. Antibiotics were added at the following final concentrations: ampicillin, 272 100 μg/mL; kanamycin, 50 μg/mL. When appropriate, 20 mM L-arabinose were supplemented into 273 media or cultures. 274
Plasmids Constructions 275
The plasmids used in this study were described in Table S1 , Supporting Information. Target 276 sequences of 100-kb fragment and all primers were given in Table S2 the 20-bp guide sequences specific for two targeted loci were embedded in primers as a part of insert. 289
All the DNA fragments were PCR-amplified with Phusion polymerase (New England BioLabs). 290 PCR products were gel purified, digested with DpnI enzyme (Thermo Fisher Scientific) before 291 assembly, which could eliminate the template plasmids. Gibson Assembly ® Master Mix were 292 ordered from New England BioLabs. 293
When the plasmids or their assembly products were introduced into E. coli strains, twenty colonies 295 on the Ap r plate were selected randomly and verified by colony PCR in each experiment. The 296 deletion rate was determined by the ratio of the number of mutated colonies among twenty 297 randomly-picked colonies. Three biological replicates were tested for each group of experiments 298 unless otherwise noted. 
425
R-X series. pKT plasmid was designed for PCR amplification of DNA part 1 and part 2 series. DNA part 1 which 426 contained pDG-R-X backbone and two reversed repeated gRNA scaffolds was amplified by using only one prime.
427
DNA part 2 contained two different promoters followed by a 20-bp target sequence respectively. For the PCR 428 reaction, the 20-bp sequences specific for two targeted loci and another 20-bp overlap sequences for assembly were 429 embedded in primers as a part of insert. Gibson Assembly method was preformed to assemble these parts into pDG- 
